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Edited by Ruma BanerjeeRespiratory complex I (NADH:ubiquinone oxidoreductase),
the first enzyme of the electron-transport chain, captures the
free energy released by NADH oxidation and ubiquinone
reduction to translocate protons across an energy-transducing
membrane and drive ATP synthesis during oxidative phos-
phorylation. The cofactor that transfers the electrons directly
to ubiquinone is an iron–sulfur cluster (N2) located in the
NDUFS2/NUCM subunit. A nearby arginine residue (R121),
which forms part of the second coordination sphere of the N2
cluster, is known to be posttranslationally dimethylated but its
functional and structural significance are not known. Here, we
show that mutations of this arginine residue (R121M/K)
abolish the quinone-reductase activity, concomitant with
disappearance of the N2 signature from the electron para-
magnetic resonance (EPR) spectrum. Analysis of the cryo-EM
structure of NDUFS2-R121M complex I at 3.7 Å resolution
identified the absence of the cubane N2 cluster as the cause of
the dysfunction, within an otherwise intact enzyme. The mu-
tation further induced localized disorder in nearby elements of
the quinone-binding site, consistent with the close connections
between the cluster and substrate-binding regions. Our results
demonstrate that R121 is required for the formation and/or
stability of the N2 cluster and highlight the importance of
structural analyses for mechanistic interpretation of biochem-
ical and spectroscopic data on complex I variants.
Mitochondrial complex I (NADH:ubiquinone oxidoreduc-
tase) is a key energy-transducing enzyme in oxidative phos-
phorylation (1–3). This large (1 MDa) and intricate enzyme
catalyzes the oxidation of NADH and reduction of ubiquinone,
capturing the free energy released to drive protons across the
inner mitochondrial membrane, contributing to the proton-
motive force and sustaining ATP synthesis. It is also crucial
for regenerating NAD+ to maintain tricarboxylic acid cycle
function and the β-oxidation of fatty acids. The central
metabolic role of complex I, combined with its propensity to
generate reactive oxygen species (ROS), makes complex I‡ These authors contributed equally to this work.
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BY license (http://creativecommons.org/licenses/by/4.0/).dysfunction a key contributor to a substantial array of meta-
bolic and neurodegenerative disorders (4, 5). Recent advances
in single-particle electron cryomicroscopy (cryo-EM) have
broadened the scope for investigation of complex I (2, 6, 7) and
enabled detailed structural analyses of defined biochemical
states (8–11). Furthermore, the application of high-resolution
cryo-EM to genetically tractable model organisms provides a
platform to investigate the structural effects of debilitating
mutations of complex I, in combination with robust functional
examination. Yarrowia lipolytica is one such model organism
that is well established for studies of complex I (12–15).
Complex I from Y. lipolytica contains 43 subunits, of which 14
are the core subunits required for catalytic function and 29 are
supernumerary subunits with varied roles in assembly, stabil-
ity, regulation, or independent metabolic function (1, 16–18).
The structure of Y. lipolytica complex I has been resolved by
X-ray crystallography and cryo-EM (10, 19, 20), with the
recent 2.7 Å resolution wild-type structure (21) providing an
excellent basis for comparison with specific mutant variants.
During catalysis, electrons from NADH tunnel through the
hydrophilic domain of complex I to the ubiquinone-binding
site (20 Å above the membrane plane) via a chain of iron–
sulfur (FeS) clusters. The terminal cluster of the FeS relay is
a [4Fe–4S] cluster, referred to as cluster N2 that is located at
the interface of the NDUFS2 (NUCM) and NDUFS7 (NUKM)
subunits. Note that we use the nomenclature for human
complex I (for example, NDUFS2) for simplicity, rather than
that specific to Y. lipolytica (for example, NUCM). Cluster N2
is positioned 12 Å above the quinone-binding site and ligated
by four cysteine residues in NDUFS7, including an unusual,
strained tandem cysteine pair (C85 and C86 in Y. lipolytica)
(22). It donates electrons directly to ubiquinone and has
received considerable attention due to its unique properties
among the complex I FeS clusters, particularly its relatively
high, pH-dependent reduction potential (23). Several muta-
tions in the second coordination sphere of N2 have been
shown to impact the quinone reductase activity and inhibitor
binding of complex I (24–31). One such residue, NDUFS2-
H226 forms a hydrogen bond to the N2 cluster, an interac-
tion that has a strong impact in tuning its reduction potential
(26, 32) but has little effect on the functional capacity of theJ. Biol. Chem. (2021) 296 100474 1
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to deplete the N2 electron paramagnetic resonance (EPR)
signal while retaining a degree of quinone reductase activity.
Conservative mutations in NDUFS2-R141 have been reported
to produce partially active (40–50% of parental strain)
complex I that appears to lack an N2 cluster, indicating the
possibility of quinone reduction in the absence of a reduced
N2 cluster by an unknown mechanism (25, 33). Further in-
terpretations of specific mutations in the second coordination
sphere of N2 that impact enzyme turnover have been limited
by the requirement for high-resolution structural data to
pinpoint their inhibitory effects.
A highly conserved stretch of residues in the N terminus of
the NDUFS2 subunit has previously been identified as an
important structural element in the stability of complex I in
Y. lipolytica (24, 27). This “HRGXE-motif,” which is partially
conserved in [NiFe] hydrogenases (24, 34), is located close to
the N2 cluster, where several of the motif residues are involved
in the formation of its secondary coordination sphere (24, 27).
The arginine residue (NDUFS2-R121) in this motif is partic-
ularly intriguing, owing to its proximity to the N2 cluster
(3.7 Å) and its unusual posttranslational modification: R121
has been shown to be the target of symmetrical ω-NG,NG
dimethylation on its guanidino group (35). Conservation of
this posttranslational modification across mammalian (35),
yeast (Pichia pastoris (35) and Y. lipolytica (21)), and bacterial
(Paracoccus denitrificans (35)) complex I suggests that the
modification is functionally significant, and suppression of
NDUFAF7 expression, the methyltransferase responsible for
dimethylation of R121 in humans, results in impaired complex
I assembly in cultured human cells (35, 36). It has been sug-
gested that dimethylation of this arginine residue is required
for the formation of a 400 kDa assembly intermediate (36, 37).
Furthermore, the hydrophobicity conferred by the two methyl
groups may alter the reduction potential of the N2 cluster,
decreasing the hydrogen-bonding capacity of the arginine side
chain (36). Mutations in this unusual dimethylated arginine
have been associated with the neurological disorder Leigh
syndrome, suggested to stem from an altered reduction po-
tential of the N2 cluster leading to a disruption of electron
transfer to ubiquinone (38, 39). The mechanisms by which
R121 functions in either assembly or catalysis are yet uncon-
firmed; however, these studies highlight its unique role for
complex I assembly/activity.
NDUFS2-R121 mutants have been reported to show similar
hallmarks to the N2-deficient R141 mutants mentioned above,
including a decrease in membrane complex I content as well as
a severe ablation of quinone reductase activity in membranes
(30). The relatively conservative substitution of R121 to lysine
(R121K) markedly decreased both the complex I content in
mitochondrial membranes (to 40% of wild-type) and the
specific activity (dNADH:DQ) to 24% of the parental strain.
Importantly, no complex-I-specific EPR spectrum could be
distinguished from NADH-reduced mitochondrial mem-
branes, an effect not observed in other HRGXE-motif mutants.
Whether this effect was reflective of the low complex I content
in the mitochondrial membranes or a diminished N2 signal2 J. Biol. Chem. (2021) 296 100474directly was not established (30). While R121 is highly
conserved across the majority of complex I species, it is
replaced with a threonine residue in Thermus thermophilus,
the first organism for which a crystal structure of complex I
was obtained (22, 40). Interestingly, the canonical EPR signa-
ture of the reduced N2 cluster has not been observed in
membrane particles or the hydrophilic domain of complex I
from T. thermophilus upon reduction by NADH (41, 42). This
has led to suggestions that the absence of R121 (or the pres-
ence of threonine) in the second coordination sphere of N2 in
the T. thermophilus enzyme may either decrease the reduction
potential of the cluster below that of NADH or alter its spin
state such that the cluster is not detected under standard EPR
measurement conditions (43). Determining the relationships
between the dimethylated R121 residue and cluster N2 should
give insights into the role of this residue, in catalysis and/or
assembly.
Here, we used two variants of NDUFS2-R121 to investigate
its functional and structural role in Y. lipolytica complex I. We
combine biochemical characterization of R121 mutants with
cryo-EM structural analysis to show that R121 mutants are
capable of native-like assembly but suffer from an absolute loss
of quinone reductase activity. EPR spectroscopy and exami-
nation of the local structure confirm the absence of a func-
tional N2 cluster, with profound effects on the cysteine
residues in the N2 primary coordination sphere, as well as
critical ubiquinone-binding residues. Our data confirms that
electron transfer to ubiquinone cannot occur in the absence of
an N2 cluster, despite the otherwise native-like structural as-
sembly, and suggests why R121 is so critical for the function of
the complex.Results
NDUFS2-R121 mutant strains produce intact complex I with
impaired quinone reductase activity
Two variants of NDUFS2-R121 were created by site-
directed mutagenesis: the R121M and R121K variants. Previ-
ous work on the R121K variant reported depletion of the
complex I content in Y. lipolytica membranes (30), suggesting
that R121 mutants result in decreased complex I stability. Our
initial characterization was therefore focused on establishing
the structural integrity of both the membrane-bound and
detergent-solubilized enzymes. Figure 1A shows a blue native
(BN)-PAGE analysis of wild-type (we use the term wild-type
(WT) to refer to the parental GB10 strain) and mutant
Y. lipolytica membranes solubilized with n-dodecyl-β-D-mal-
toside (DDM). Complex-I-containing bands were identified by
in-gel activity staining for NADH oxidation. In all cases, the
BN-PAGE clearly shows a band at approximately 900 kDa that
is positive for NADH oxidation activity, demonstrating that
complex I is present and intact in membranes from both
variants. The relative intensities of the bands for the R121M
and R121K variants suggest a lower complex I content than for
wild-type, most obviously for R121K. The decrease in complex
I content was quantified using the rate of APAD+ reduction by
dNADH, a specific substrate for the complex I flavin site,
Figure 1. Comparison of the R121M and R121K variants of complex I in mitochondrial membranes from Y. lipolytica. A, structural integrity of
complex I demonstrated using BN-PAGE analysis with Coomassie blue staining (left) and in-gel NADH oxidation activity (right) of solubilized mitochondrial
membranes. In total, 40 μg of total membrane protein (WT = GB10 complex I, R121M, R121K) was solubilized with DDM at a 2:1 weight ratio. A reference
sample of bovine mitochondrial membranes (Bt) is given. NADH oxidation activities were detected using 0.5 mg ml−1 NBT and 150 μM NADH to identify
complex I containing bands (62) (see Experimental procedures). The gels shown are representative of three BN-PAGE replicates. B, the amounts of R121M
and R121K complex I present in the membranes were determined using the dNADH:APAD+ activity by comparison to the dNADH:APAD+ activity of the wild-
type membranes (100%) (see Experimental procedures for assay details). Graphs show mean averages ± SD (n = 9) with individual data points in black. C,
dNADH:O2 activities of wild-type, R121M and R121K membranes determined in the presence and absence of 1 μM piericidin A (see Experimental
procedures for assay details). Graphs show mean averages ±SD (n = 3) with individual data points in black. Data were evaluated by one-way ANOVA
with Tukey’s multiple comparisons correction (****p < 0.0001). No significant differences were observed between piericidin A-inhibited WT and the R121
mutants (±piericidin A).
A conserved arginine stabilizes FeS N2 in complex Iwhich is not expected to be affected by the mutations (Fig. 1B).
dNADH:APAD+ activity indicated that the complex I contents
were 40% and 25% for R121M and R121K, respectively,
relative to wild-type, corroborating the observations from BN-
PAGE. These results are in line with those previously obtained
for R121K (30), where complex I content was seen to decrease
to 40% of the wild-type. Therefore, although it is clear that
mutations of R121 impair the assembly and/or stability of
complex I, a level of intact enzyme is still present and available
for study. The quinone reductase activities, measured with the
complex I-specific substrate dNADH, showed extensive loss of
the activity in both the R121M and R121K variants, in com-
parison to wild-type (Fig. 1C). The minor rates observed in the
mutants were insensitive to piericidin A, a complex I inhibitor
and Q analogue, clearly demonstrating a lack of any specific
catalytic activity, despite the apparent structural integrity of
the enzymes themselves.
To gain further insight into their stability, the R121 variants
were purified from mitochondrial membranes and their func-
tional capacities characterized. Both variants exhibited sub-
stantial levels of aggregation in the size-exclusion
chromatographic traces. However, analyses of the monomeric
peak fractions by BN-PAGE and SDS-PAGE revealed enzymes
that closely match the wild-type enzyme. Both Coomassie and
in-gel activity staining of BN-PAGE analyses (Fig. 2A) indicate a
homogeneous preparation of intact complex I, with a functional
flavin site. SDS-PAGE analyses revealed near-identical protein
compositions in preparations of the wild-type and mutant en-
zymes (Fig. 2B). An additional band was present at60 kDa that
was not present in previously analyzed wild-type Y. lipolytica
complex I (44), perhaps supported by inclusion of phospholipids
in the affinity chromatography buffer. Tandem mass spectros-
copy (MS/MS) of trypsin digested bands excised from the gel
confirmed (with >95% confidence) that this band was due toalternative NADH dehydrogenase (NDH2) copurifying with
complex I. The degree of NDH2 contamination in even the
wild-type enzyme was highly variable among different prepara-
tions (compare the two wild-type samples in Fig. 2B) and was
reflected in rates of NADH:DQ activity for the R121 variants,
which showed a substantial piericidin-A-insensitive rate of
NADH (rather than dNADH) oxidation (Fig. 2C).
As both NDUFS2-R121 variants exhibit matching subunit
composition and functional effects, further functional and
structural analyses focused on NDUFS2-R121M, owing to the
higher amount of enzyme present in membranes and the corre-
spondingly higher yields that were obtained from solubilization
and purification. The catalytic activities of the purified wild-type
and R121M complexes with dNADH (the complex-I-specific
substrate) are compared in Figure 2D, confirming (as for the
membrane-bound complexes in Fig. 1C) that the R121M variant
lacks any significant quinone reductase activity. This result
further confirms that the activity observed for the isolated enzyme
in NADH:DQ assays is consequential of NDH2 contamination—
not a piericidin-A-insensitive rate induced by structural changes
around the N2 cluster and quinone-binding site.
Finally, to address the reason for the decreased content of
the R121M complex in membranes, differential scanning
fluorimetry (DSF) was used to compare the thermal stability of
the R121M mutant and wild-type enzymes (Fig. S1). Surpris-
ingly, there were no significant differences in the melting
temperature (Tm) between the DDM-soluble purified wild-
type (Tm = 49.3 ± 0.2) and R121M (Tm = 48.9 ± 0.3) com-
plexes or in the aggregation temperature (Tagg = 58.0 ± 0.4 for
wild-type and 60.5 ± 0.9 for R121M). This further solidifies the
notion that purified R121M complex I exists as an intact
enzyme following purification; defects in enzyme assembly
may explain the lower amount of R121 mutant complex I
present in membranes.J. Biol. Chem. (2021) 296 100474 3
Figure 2. Analysis of the composition and specific activity of the purified R121M and R121K complex I variants in comparison to the WT enzyme. A,
BN-PAGE analysis with Coomassie staining (left) and in-gel NADH oxidation activity (right) of the purified enzymes. In total, 40 μg of each sample was loaded
onto the gel and compared with a reference sample of bovine mitochondrial membranes (Bt). In-gel activities were performed as in Figure 1A. Gels are
representative of three replicates. B, SDS-PAGE analysis of the purified wild-type and R121 variant complexes. In total, 20 μg of each sample was loaded and
compared with a protein standard (L – see Experimental procedures). The red asterisk indicates a 60 kDa band corresponding to the small quinone
reductase NDH2, not previously observed (44), which is copurified as a contaminant with Y. lipolytica complex I. The gel on the right shows a replicate gel
highlighting the varying levels of NDH2 contamination observed in different wild-type preparations in comparison to the mutant samples where the
contamination is consistently present. These are representative gels of three replicates. C, NADH:DQ activities in the presence and absence of 1 μM
piericidin A (see Experimental procedures for assay details). D, dNADH:DQ activities in the presence and absence of 1 μM piericidin A (see Experimental
procedures for assay details). All activity values are mean averages ± SD (n = 9) evaluated with one-way ANOVA with Tukey’s multiple comparisons
correction (****p < 0.0001). Individual data points are given in black.
A conserved arginine stabilizes FeS N2 in complex INDUFS2-R121 mutants show no N2 signal in EPR spectroscopy
Mutations in the second coordination sphere of the N2
cluster of complex I have been shown to evoke varied responses
in the EPR signal for the reduced cluster, including shifts in the
principal g values and decreased signal intensity, both indicative
of a change in the cluster environment. Previous studies of the
R121K mutant revealed no EPR signals attributable to complex
I in membranes (30). However, as the low complex I content in
membranes results in low signal to noise, it could not be
determined if this was a specific effect on N2 or a global effect
on the entire enzyme. Here, we used the purified, fully assem-
bled enzyme to investigate the effects of the mutation on the
EPR signals of the FeS clusters, particularly N2. The sodium
dithionite (Em7 < −0.45 V) reduced spectra for the wild-type,
R121M and R121K complexes recorded at 15 K and 2 mW
are shown in Figure 3. The wild-type spectrum shows the four4 J. Biol. Chem. (2021) 296 100474subspectra expected from four reduced FeS clusters in
Y. lipolytica complex I under these measuring conditions
(Fig. S2) (17). In comparison, the R121M and R121K mutants
show a loss of signal at g = 2.05 and g = 1.92, which correspond
to the characteristic gz and gx,y transitions of the N2 cluster,
respectively. The loss of N2 signal intensity is in stark contrast
to the other EPR detectable FeS clusters (N1b, N3, and N4) that
provide clear contributions to the spectra of both mutants.
Together with the results described above (Figs. 1 and 2), the
spectra suggest the presence of a largely intact complex that
either lacks the N2 cluster completely or contains a cluster with
a reduction potential decreased substantially, to a value lower
than that of the reductant used (note that we did not detect any
EPR signals to suggest the reduced cluster switches from S = 1/
2 to a higher spin state, see Fig. S2). Both effects would explain
the impaired quinone reductase activity. EPR spectra of the
Figure 3. EPR spectra of wild-type complex I and the R121 variants.
Purified samples were reduced with 2 mM sodium dithionite (final con-
centration) under anaerobic conditions. Measurements were performed at
15 K with 2 mW microwave power, 100 KHz modulation frequency and 7 G
modulation amplitude. Spectra are not normalized for protein concentra-
tion (WT = 30 μM, R121M = 12 μM, R121K = 6 μM). The g values corre-
sponding to individual FeS clusters in Y. lipolytica complex I are indicated
(12).
A conserved arginine stabilizes FeS N2 in complex Ioxidized R121 mutants did not exhibit any EPR signals (Fig. S2),
thus the partial collapse of the [4Fe–4S] N2 cluster into a [3Fe–
4S] cluster, which would be paramagnetic in its oxidized state, is
not supported. As in the functional experiments above, the
R121M mutant was superior to the R121K mutant in EPR
analysis, further justifying it as the choice for structure
determination.
Structure of NDUFS2-R121M shows the wild-type-like N2
cluster is absent
To probe the effect of the R121M mutation on complex I
activity and on the N2 cluster, its structure was determinedFigure 4. Structure of the R121M variant of complex I from Y. lipolytica. Ov
the 14 core (colored and labeled using Y. lipolytica nomenclature) and 28 super
substoichiometric ST1 subunit is not present in this model). The inset shows t
expected (but not modeled) is indicated. The alignment of the structures of wil
is given in the right-hand figure. Models are depicted as cartoons to show t
associated subunits NDUFS2 (wild-type = green, R121M = light blue) and NDUF
whole complex I. The N2 cluster of the wild-type model is shown for referencusing cryo-EM. Purified R121M complex I (dNADH:DQ ac-
tivity = 0.5 ± 0.1 μmol min−1 mg−1) at 2.8 mg ml−1 was frozen
onto PEGylated gold grids and imaged using an FEI Titan
Krios microscope with a Gatan K2 detector calibrated with a
1.07 Å pixel size. The data set of 2241 micrographs (66,568
particles) was processed in RELION 3.0 and 3.1 (45, 46) to a
global map resolution of 3.7 Å (Figs. S3 and S4). The model of
the 2.7 Å structure for the wild-type Y. lipolytica complex I
(21) was fitted into the 3.7 Å map with UCSF Chimera (47).
Dimethyl-R121 was mutated to methionine in silico in COOT
(48) prior to real-space refinement of the model using PHE-
NIX (49). All 14 core and 29 supernumerary subunits were
present in the R121M structure (Fig. 4, Table S2), although the
substoichiometric ST1 (18) was not modeled due to its poor
resolution. The wild-type and R121M models were similar
(with an overall RMSD of 0.31 Å), clearly signifying that global
structural changes are not induced by the R121M mutation
(Fig. 4, right). None of the core subunits showed any sub-
stantial changes in conformation and the NDUFS7 and
NDUFS2 subunits, which surround the N2 cluster, displayed
near-exact superimposition of their backbone polypeptide
densities (Fig. 4). The structural analyses clearly demonstrate
that the R121M mutant is an intact, wild-type like enzyme and
that the effects of the mutation are strictly localized, with no
long-range compositional or conformational changes.
The local resolution estimation (Fig. S4) at the N2 cluster
position was approximately 3.4 Å, which is a sufficiently high
to define the structural changes around the N2 cluster that
result from the R121M mutation. Switching the dimethylated
arginine to a methionine clearly perturbs the coordination of
the cluster. The map of the wild-type complex contains a very
clear map feature representing the cubane N2 cluster. This
feature is replaced in the R121M map with a feature that is
narrower and elongated, and that no longer supports the
presence of a cubane FeS cluster (Fig. 5A). While thiserview of the structure of the R121M complex (3.7 Å resolution) shown with
numerary subunits (white) of Y. lipolytica complex I depicted as cartoons (the
he cofactor chain in a stick/sphere representation. The position where N2 is
d-type (green, PDB ID: 6YJ4) and R121M (light blue) complex I (RMSD: 0.31 Å)
he close match of secondary structural elements. The inset shows the N2
S7 (wild-type = light purple, R121M = indigo) at a 90 rotation relative to the
e.
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A conserved arginine stabilizes FeS N2 in complex Iunknown cryo-EM density appears to retain the coordination
of C150 and C180, no clear connectivity is observed from the
tandem cysteine side chains (C85 and C86), which would
complete the ligation of the N2 cluster. Only very weak map
features suggest the possibility of transient and unstable in-
teractions between C86 and the cluster-like density. Further-
more, the loop carrying the two liberated cysteine residues
displays lower side chain definition than both its surroundings
and the corresponding wild-type density, suggestive of its
increased localized mobility. Overall, this whole region of the
enzyme is notably less well resolved in comparison to in the
wild-type map filtered to the same 3.4 Å resolution (Fig. 6). It
is possible that R121 helps to stabilize the unfavorable geom-
etry of the tandem cysteines, enabling the complete ligation
and subsequent stability of the N2 cluster. This proposal is
supported by the relaxation of the considerably strained
backbone architecture in the wild-type to a more helicalFigure 5. Comparison of the N2 cluster coordination geometry and key re
map for N2 ligating residues shown for WT at optimum resolution (threshold =
C85 and C86 are modeled as stubs due to the low confidence in the density m
in NDUFS7 containing the Y144 ubiquinone ligating residue. Maps are shown
0.03), and R121M (threshold = 0.08). Y144 residue modeled as a stub as a result
HRGXE motif in the wild-type and R121M complexes. Map thresholds are the s
chain in the map. Thresholds for densities were matched between WT and m
6 J. Biol. Chem. (2021) 296 100474conformation in the mutant, in the absence of N2 coordination
by the tandem cysteines (Fig. 6).
The R121 mutation propagates destabilization through the
NDUFS2 and NDUFS7 subunits, causing further localized
disorder in the quinone-binding channel (Fig. 6). The
increased mobility afforded by the disconnected cysteines has a
profound impact on nearby residues in NDUFS2. In contrast
to in the wild-type enzyme, the side chain of NDUFS2-Y144, a
quinone headgroup-ligating and N2-neighboring residue, lacks
any clear density, indicating considerable flexibility in the
variant compared with wild-type (Figs. 5B and 6). Y144 is in
close proximity to C85 (the most mobile of the tandem cys-
teines) and A84, and the proximity of R121 to these residues
suggests it plays a role in stabilizing the local structure.
Though there is no direct interaction between R121 and the
ligating cysteines, the dimethylated guanidium group extends
to within 3.9 Å of A84, projecting a stabilizing influence ongions in the wild-type and R121M complexes. A, the model and density
0.04), WT filtered to 3.4 Å (threshold = 0.04), and R121M (threshold = 0.08).
ap for these residues. B, models and density maps for the stretch of residues
for optimum resolution (threshold = 0.03), WT filtered to 3.4 Å (threshold =
of the absence of density. C, comparison of models and density maps for the
ame as B. M121 is modeled as a stub due to the lack of density for the side
utant maps by visual comparison.
Figure 6. The disorder induced at the N2 site in the R121M mutant
compared with wild-type complex I. Local resolution of the quinone
binding site in wild-type complex I (filtered to 3.4 Å) (A) and R121M (B)
complex I. The high degree of flexibility of the R121M side chain results in it
not being modeled (black circle). This has knock-on effects on other resi-
dues. The tandem Cys residues that coordinate the N2 cluster in the WT are
both mobile in the R121M complex I (no side chains modeled in B), likely
due to no cluster coordination, and the loop that they are positioned on is
no longer taut (indicated by black arrowheads). The cartoon backbone is
colored according to local resolution on the scale shown. As expected from
the wild-type structure (21), the NDUFS2 loop that contains the catalytic
H95 is disordered, but in the R121M variant there is also disorder at the
second catalytic ligand Y144 (no side chain modeled). Residues shown are
identical for both structures (NDUFS2:139–150:448–466:84–103:115–125;
NDUFS7:78–89:148–152:178–182).
A conserved arginine stabilizes FeS N2 in complex Iall the residues around the FeS cluster in the wild-type
enzyme, which is lost when R121 is mutated to methionine.
We also note increased mobility in the β1–β2 loop of
NDUFS2, known to harbor residues essential to quinone
binding and catalysis (27), with only the backbone of residues
90 to 96 of the catalytic β1–β2 loop clearly visible (Fig. 6).
While both the wild-type and R121M maps show the complex
in a mild deactive state (21), with the β1–β2 loop of NDUFS2
displaying some degree of dynamism, the increased flexibility
in the R121M mutant indicates additional instability. The
major secondary structural elements flanking this loop are well
defined and consistent in both enzymes; however, the ND1
TMH5–6 and ND3 TMH1–2 loops that both contribute to the
packing of this region also lack definition. Ultimately, the
increased dynamics of catalytic elements important to quinone
reduction indicate a role for the dimethylated R121 in ordering
the quinone-binding site.
The highly conserved HRGXE motif in NDUFS2, which
includes R121, was well ordered in both the wild-type and
R121M complexes. All the side chains except that of the
variant methionine were well resolved in the R121M enzyme
(Fig. 5C), whereas the lack of a clear density for the methionine
side chain again suggests a dynamic nature. This is in stark
contrast to the very apparent cryo-EM density for dimethy-
lated R121 in the wild-type enzyme. The flexibility of the
methionine side chain is likely due to it sampling the large void
created by removal of the bulky dimethylated arginine.
Removing both the large side chain and the positive charge of
the η-nitrogen of the arginine guanidinium group (see below)disrupts interactions with surrounding residues and de-
stabilizes the N2 site, affecting the ligation of the FeS cluster
and rendering the enzyme inactive for quinone reductase ac-
tivity. Although the cryo-EM map around the N2 site of the
R121M mutant is not high enough resolution to assign the
feature at the N2 position, the (partial) loss of the coordinated
FeS cluster and the subsequent disordering of the quinone-
binding site explain the lack of catalytic activity in R121M
complex I.Discussion
Understanding the mechanisms by which complex I muta-
tions affect quinone reductase activity is a vital step in deter-
mining the roles of individual residues in structure and
function. Here, we focused on the widely conserved NDUFS2-
R121 residue, located in close proximity to the N2 cluster from
where it may influence its magnetic and redox properties.
Furthermore, R121 is of particular interest because its dime-
thylation, in many species of complex I, appears to be
important for enzyme assembly or maturation (35, 36) and
because there are striking similarities in the biochemical and
spectroscopic properties of variants of NDUFS2-R121 and
NDUFS2-R141. While both residues are part of the secondary
coordination sphere of N2, R141 has been studied in much
greater detail (25, 33). Here we have shown, using single-
particle cryo-EM and EPR spectroscopy, that dimethyl-R121
is essential for the assembly and/or stability of both the N2
FeS cluster and the adjacent quinone-binding site in complex I,
with its mutations causing loss of quinone reductase activity
within an otherwise native-like structure.
Work on the NDUFS2-R141(M/K) mutants in Y. lipolytica
(25) first led to the idea that complex I could assemble and
reduce ubiquinone without a functional N2 cluster. This
controversial interpretation was challenged with the alterna-
tive suggestion that (provided the catalytic activity is retained)
the absence of the N2 EPR signal is more likely to stem from a
decrease in its reduction potential (50). Similar suggestions
have been made for mutants of R121, but in our case, loss of
the N2 EPR signal results from the absence of a well-ordered,
stable N2 cluster, not just from a change in its properties.
However, it is difficult to confidently extend our current re-
sults to the previous studies because both R121 mutants
investigated here are devoid of quinone reductase activity (in
both membrane-bound and detergent-solubilized form),
whereas the previous studies on both R121 (27, 30) and R141
(25) variants described some retention of activity. Note that we
chose not to normalize our membrane activities to their
complex I contents (determined using the dNADH:APAD+
assay) as this approach amplifies the low background activities
and that the consistently high levels of NDH2 contamination
we observed may further give misleading results. Work with
the R274A variant of Escherichia coli complex I (homologous
to Y. lipolytica R141) described loss of both activity and EPR in
membranes (51), although higher activity in the NADH:DQ
assay (22% of wild-type) with the purified enzyme and pro-
teoliposomes. Although direct comparisons are complicatedJ. Biol. Chem. (2021) 296 100474 7
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in the cluster environments in the two species (43), it is also
possible that mutations in R121 and R141 induce similar ef-
fects by different mechanisms. We conclude that mutations of
R121M/K lead to loss of a functional N2 cluster, precluding
quinone reduction, and also to loss of structural integrity in
the quinone-binding site, preventing or hindering quinone
binding. There is no true N2-independent method of quinone
reduction, and conclusions about the effects of the positive
charge or methylation of R121 on the N2 cluster cannot be
drawn. Our results highlight the power of structural analyses
in interpreting the functional effects of site-directed mutants,
and the perils of overinterpreting functional data in a specific
way, without clear knowledge of the extent and range of effects
(both specific and nonspecific) that the mutations have caused.
While our structural data imply the absence of a canonical
N2 cluster in the R121M variant, the feature that replaces it is
difficult to identify. The cryo-EM density is more elongated
than in wild-type, and it is not a well-ordered, strong density
like the densities of the other [4Fe-4S] clusters present. First,
the cubane N2 cluster may remain intact, but be “suspended”
in the protein by just two cysteine ligands and so conforma-
tionally mobile. We know of no precedence for such a partially
coordinated [4Fe-4S] cluster, but expect that such a ligand
change would have a substantial impact on the reduction
potential (52). Furthermore, our undefined density resembles
that observed previously for the partially disconnected cluster
observed in the NADH/dithionite-reduced hydrophilic arm of
T. thermophilus complex I (53). As in our R121M mutant, EPR
spectroscopy on this damaged hydrophilic domain, formed by
cleavage of the complex along a fracture line adjacent to the
cluster, does not exhibit the expected signature of N2 (41, 43).
However, the signature of a canonical N2 cluster has not been
observed in T. thermophilus membrane particles either (42),
rendering this observation inconclusive. Second, the unknown
density may indicate replacement of the FeS cluster with a
different cofactor, such as a mononuclear metal centre. EPR
spectra of the oxidized enzymes did not show signals indicative
of the presence of Cu(II), Co(II), or Fe(III), and no evidence
could be obtained for high-spin Fe(II), although detecting this
S = 2 species would likely require parallel-mode measurements
and higher concentrations than we were able to achieve. The
identity of the species present in the N2 site thus remains
unknown.
In complex I from T. thermophilus, the equivalent arginine
to NDUFS2-R121 is substituted by a threonine, which appears
to undermine its critical role in stabilizing N2 (41, 42). How-
ever, further investigation revealed an intersubunit residue
switch: in a further reverse change, an arginine (R83) in
T. thermophilus NDUFS7 (Nqo6) occupies the position of a
threonine, NDUFS7-T122, in Y. lipolytica (54), and compari-
son of the structures from T. thermophilus and Y. lipolytica
shows that the two arginine side chains overlap the same space
(Fig. 7). The two arginines thus likely share the same func-
tional and structural role. Simulations have suggested that
T. thermophilus R83 plays a vital role in complex I function by
electrostatically stabilizing the anionic Y87 (NDUFS2-Y144 in8 J. Biol. Chem. (2021) 296 100474Y. lipolytica) following its deprotonation by ubiquinone (54),
and we note a noticeable loss of density for Y144 in our
mutant. Additional simulations on T. thermophilus complex I
have further implicated the arginine as a redox-switch that
moves in response to the redox state of N2 to control quinone
access (55). In silico mutations have also suggested its
importance for the structural stability of subunit interfaces
(55). Unfortunately, loss of a functional N2 cluster in our R121
mutants precludes deconvolution of these different compound
effects.
Finally, the possible role that R121 dimethylation plays in
assembly is intriguing. A comprehensive analysis of the
dimethylation of NDUFS2-R85 (R121) in human 143B osteo-
sarcoma cells showed a clear correlation between the level of
dimethylation and mature complex I assembly in siRNA
knockdowns of the methyltransferase responsible for the
posttranslational modification (36). Furthermore, when
methylation was impaired, decreased levels of ND1 and
NDUFS7 were concomitant with loss of a NDUFS2-containing
400 kDa assembly intermediate and accumulation of a
NDUFB8-containing 460 kDa subcomplex (36). Consistent
effects are observed when methylation of NDUFS2 is per-
turbed in zebrafish (56) and the amoeba Dictyostelium dis-
coideum (37, 57). Our R121M/K complexes I support these
observations in part, with substantial (60–75%) decreases in
complex I membrane enrichment. We suggest that the
“intersubunit” arginine acts as part of a key/lock mechanism,
helping to hold NDUFS2 and NDUFS7 together at a crucial
point in the assembly process (Fig. 7). In T. thermophilus, the
arginine being present in the same subunit as the cluster may
reflect different challenges to assembly in thermophilic or-
ganisms. Without a functional key/lock, a substantial propor-
tion of the nascent enzyme fails to mature in Yarrowia, while a
smaller proportion continues the assembly process to give a
purifiable, intact protein with an overall wild-type structure.
We note that dimethylation of R121 has been demonstrated in
a diverse array of complex I homologues, but the corre-
sponding arginine in E. coli complex I is not dimethylated (35),
and this may contribute to the lower reduction potential
(ca. −220 mV) of the N2 cluster in E. coli than in other species
(typically −150 mV) (43, 58). Here, the R121K mutation was
chosen to preserve the positive charge of the dimethylated
arginine (59) and the R121M mutation to space fill and confer
hydrophobicity in the absence of charge, and both mutants
yielded similar biochemical and spectroscopic results. In the
future, suppressing the Y. lipolytica analogue to the NDUFAF7
methylase may allow the specific roles of the posttranslational
modification in assembly and catalysis to be determined
independently of the presence of the arginine residue itself.Experimental procedures
Plasmid preparation and transformation
The pUB26-NUCM plasmid was provided by Prof. U.
Brandt (Radboud Institute for Molecular Life Sciences). Site-
directed mutagenesis was carried out by PCR using Q5 poly-
merase (New England Biolabs) with nonoverlapping primers.
Figure 7. The intersubunit residue switch between Y. lipolytica and T. thermophilus. Structures of complex I from Y. lipolytica (PDB ID: 6YJ4) and
T. thermophilus (PDB ID: 4HEA) displaying the Y. lipolytica subunits NDUFS2 (wheat) and NDUFS7 (pink) and homologous T. thermophilus subunits Nqo4
(orange) and Nqo6 (green). The N2 cluster is shown in brown/yellow for Y. lipolytica and pink/blue for T. thermophilus. The side chains from NDUFS2-R121 and
NDUFS7-R83 occupy the same space. Distances are shown between the two closest guanidium group nitrogens and FeS sulfides.
A conserved arginine stabilizes FeS N2 in complex IThe linear products were 50-phosphorylated, blunt-end-ligated
and transformed into E. coli DH5-Alpha competent cells (New
England Biolabs) for sequencing. Plasmid transformations
were performed as described previously (60). In brief, Δnucm
cells (provided by Prof. U. Brandt) were grown at 30 C in
2xYPD overnight, collected and kept on ice before being
washed three times in ice-cold buffer containing 10 mM Tris-
HCl (pH 7.5), 0.6 M sorbitol, 150 mM Li-acetate. Approxi-
mately 1 μg of plasmid DNA was added to 200 μl of cells and
electroporated with a single pulse at 1.5 kV, 200 Ω, and 25 μF
(pulse length 4.6 ms). Cells were incubated at 30 C for 2 to
3 h, then plated onto YPD containing 150 μg ml−1 hygromycin
B, and incubated for 3 days. Single transformant colonies were
selected, confirmed by sequencing, and grown in 2xYPD with
hygromycin B. Cell stocks were frozen in 50% (v/v) glycerol.
Preparation of mitochondrial membranes from Y. lipolytica
Y. lipolytica cells of wild-type (GB10 from Prof. U. Brandt
(16)), R121M (GB10 Δnucm + pUB26 nucm–R121M) and
R121K (GB10 Δnucm + pUB26 nucm–R121K) were grown on
2xYPD media and harvested as described previously (44).
Mitochondrial membranes were prepared as follows (44, 61):
300 g of cells were resuspended into breaking buffer (20 mM
MOPS (pH 7.2), 400 mM sorbitol, 5 mM EDTA, 2 mM ben-
zamidine chloride, 2% (w/v) bovine serum albumin (BSA), and
5 mM ε-aminocaproic acid) to a volume of 600 ml, then
800 μM phenylmethylsulfonyl fluoride (PMSF) added. The
resulting suspension was lysed by two passages through a
DYNO-MILL (Willy A. Bachofen UK). Unbroken cells and
debris were removed by centrifugation (5500g, 15 min, 4 C),
and then the membranes were collected (208,000g, 1 h, 4 C)
and resuspended in washing buffer (20 mM MOPS (pH 7.2),
400 mM sorbitol, 2 mM benzamidine chloride, 5 mM ε-ami-
nocaproic acid). The membranes were collected by centrifu-
gation and resuspended two more times, with the time of
centrifugation reduced to 45 min and 35 min for the second
and third washes, respectively, then finally suspended in
20 mM NaH2PO4 (pH 7.4), 150 mM NaCl, 10% (v/v) glycerol
to 20 to 30 mg ml−1 before freezing in liquid N2 and storage
at −80 C. Total protein concentration in the membrane was
determined by bicinchoninic acid (BCA) assay.Purification of complex I from mitochondrial membranes
Complex I was purified as described previously (16, 44) with
some adaptations for preparation of cryo-EM grids (21). All
purification steps were performed at 4 C. Approximately
200 mg membrane protein containing complex I was solubi-
lized at a 2:1 weight ratio with n-dodecyl-β-D-maltoside
(DDM, Glycon) for 30 min following the addition of the
cOmplete, EDTA-free protease inhibitor cocktail (Roche).
Solubilized material was separated by centrifugation at
180,000g for 45 min, then NaCl and neutralized imidazole
were added to 400 mM and 20 mM, respectively. The sample
was passed through a 0.22 μm syringe filter, then loaded onto a
5 ml HisTrap HP column (GE Life Sciences) pre-equilibrated
with 20 mM NaH2PO4 (pH 7.4), 400 mM NaCl, 52 mM
imidazole, 0.2% (w/v) DDM, 0.02% (w/v) asolectin (Avanti)
and 0.02% (w/v) CHAPS (Calbiochem). The column was
washed with the same buffer, then complex I was eluted with
140 mM imidazole. Complex-I-containing fractions were
pooled, concentrated to 100 μl using an Amicon Ultra (100
MWCO) 0.5 ml centrifugal concentrator (Merck-Milipore),
and applied to a Superose 6 Increase 5/150 gel filtration col-
umn (GE Life Sciencecs) pre-equilibrated with 20 mM MOPS
(pH 7.45), 150 mM NaCl, 0.05% (w/v) DDM. The highest
concentration fractions (as determined by NanoDrop, Thermo
Scientific) were used for cryo-EM grid preparation. The con-
centrations of samples used for compositional and functional
assays were determined using the BCA assay.
Functional characterization of complex I
All activity assay measurements were recorded using a
Spectramax Plus 384 plate reader (Molecular Devices).
Membrane activity ((d)NADH:O2) measurements of com-
plexes I–III–IV were performed at 32 C in 20 mM Tris-HCl
(pH 7.5 at 32 C), 250 mM sucrose with 25 μg ml−1 mem-
branes, 5 μM cytochrome c (from Saccharomyces cerevisiae,
Sigma-Aldrich), and 200 μM (d)NADH (Sigma-Aldrich).
Piericidin A (Santa Cruz Biotechnology) was added at a final
concentration of 1 μM to inhibit complex I when required.
NADH oxidation was monitored at 340 to 380 nm (ε =
4.81 mM−1 cm−1). The activity of the purified enzyme ((d)
NADH:decylubiquinone, DQ) was measured similarly, in theJ. Biol. Chem. (2021) 296 100474 9
A conserved arginine stabilizes FeS N2 in complex Isame buffer with 0.5 μg ml−1 protein, 200 μM DQ (Sigma-
Aldrich), 0.15% (w/v) asolectin, 0.15% (w/v) CHAPS, and
200 μM (d)NADH. dNADH:APAD+ activity was measured in
10 mM Tris-SO4 (pH 7.5), 50 mM KCl with 20 μg ml
−1
membranes, 500 μM APAD+ (Sigma-Aldrich), 15 μg ml−1
alamethicin (Stratech), 500 nm piericidin A, and 100 μM
dNADH and monitored at 400 to 450 nm (ε =
3.16 mM−1 cm−1).
Composition of membranes and soluble complex I
BN-PAGE was performed as described previously (44).
Membranes (6 mg ml−1) were treated with DDM at a 2:1
weight ratio, agitated for 30 min at 4 C, and then centri-
fuged (160,000g, 30 min, 4 C). In total, 40 μg of protein was
applied to each lane of a NativePAGE 3 to 12% Bis-Tris gel
(Invitrogen) and the gel run according to the manufacturer’s
instructions. Proteins were visualized by Coomassie R-250
staining or by the in-gel NADH oxidase activity assay, using
20 mM Tris-HCl (pH 7.0) supplemented with 150 mM
NADH and 0.5 mg ml−1 nitrotetrazolium blue (NBT, Sigma-
Aldrich). NBT is a nonspecific oxidizing agent that produces
a blue product when reduced by a reduced flavin, such as
that formed by NADH in complex I (62). BN-PAGE of pu-
rified complex I was performed similarly, except without the
solubilization step and using 20 μg of total protein. SDS-
PAGE of purified complex I was performed using a Novex
WedgeWell 10 to 20% Tris-glycine gel according to the
manufacturer’s instructions.
Thermostability assays of purified complex I
Complex I (1 mg/ml) was loaded into a capillary tube and
analyzed in a NanoTemper Prometheus NT.48 differential
scanning fluorimeter (DSF). The temperature was increased
from 15 to 95 C (3 C min−1) and protein unfolding moni-
tored via the tryptophan fluorescence (350/330 nm). Protein
aggregation was measured concurrently as the light scattering
during denaturation. Melting temperature (Tm) and aggrega-
tion temperature (Tagg) were determined as the temperature at
which the protein was 50% unfolded or 50% aggregated,
respectively.
EPR spectroscopy
EPR samples of complex I were prepared by reduction with
2 mM sodium dithionite (final concentration) under anaerobic
conditions in a Braun UniLab plus glovebox at room tem-
perature (O2 < 0.5 ppm, N2 atmosphere). Sample concentra-
tions were determined before EPR sample preparation using
the BCA assay. Samples were measured at X-band (9.5 GHz)
using a X/Q-band Bruker Elexsys E580 spectrometer (Bruker
BioSpin GmbH) equipped with a closed-cycle cryostat (Cryo-
genic Ltd) and using a X-band split-ring resonator (ER 4118X-
MS2) as described previously (63). Specific measurement
conditions are given in figure captions. EPR simulations were10 J. Biol. Chem. (2021) 296 100474performed using the EasySpin package for MATLAB (64).
Signals were quantified relative to each other on the basis of
the intensities of their simulated spectra, determined by
integration.
Cryo-EM grid preparation and data collection
UltrAuFoil 0.6/1 gold grids (Quantifoil) were glow dis-
charged at 20 mA for 60 s and PEGylated by anaerobic in-
cubation in a solution of 5 mM 11-mercaptoundecyl
hexaethyleneglycol in ethanol for 5 days (65). Grids were
washed with ethanol and air-dried before use. Grids were
prepared using an FEI Vitrobot Mark IV set to 100% relative
humidity at 4 C. In total, 2.5 μl complex I from the peak
chromatography fractions (2.8 mg ml−1) was applied to the
grids and blotted for 10 s with a blot force of −10 or −9
before plunge freezing in liquid ethane. Data collection
(Department of Biochemistry, University of Cambridge) was
performed using an FEI Titan Krios with a K2 counting
mode detector resulting in 2241 micrograph images (21).
Collection parameters are given in Table S1. A total dose of
47.9 electrons/Å2 was used over 40 frames with an exposure
time of 10 s.
Cryo-EM data processing
Data were processed using the RELION-3.1 (45, 66) pipeline
shown in Fig. S3. Briefly, beam-induced motion correction was
performed with MotionCor2 (67) followed by CTF estimation
using GCTF (68). In total, 369 micrographs containing bad ice
were removed. Automated particle picking using a 3D refer-
ence yielded 33,281 particles, which were used as an initial 3D
auto-refinement before CTF refinement and Bayesian polish-
ing (66) to provide better-quality particles for subsequent 3D
classification over five classes. Three classes (21K particles)
were combined for additional CTF refinement (including
higher-order corrections (46)), Bayesian polishing, and 3D
auto-refinement before a final 3.7 Å map was generated from
21,013 particles. The output map had a pixel size of 1.05,
downsized to match the wild-type map, differing from the 1.07
calibrated pixel size. Output maps were subjected to local
sharpening using MonoRes (69) and LocalDeblur (70) in the
Scipion (71) package.
Model building
The model was built (Table S2) starting by rigid-body fitting
the near-complete wild-type 2.7 Å model (PDB: 6YJ4) (21) into
the 3.7 Å map obtained here using UCSF Chimera (47). The
protein was locally inspected and remodeled (including side
chain clipping), and lipids and detergent molecules updated to
match the signal in the 3.7 Å map using Coot (48). Multiple
rounds of PHENIX real-space refinement (49) were performed
with local remodeling, with close attention paid to the site of
the R121M. Model validation and overfitting analysis (72, 73)
were performed (Table S1 and Fig. S4).
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